Calprotectin, a heterodimer of MRP8 and MRP14 with antimicrobial properties, is found in the cytosol of neutrophils, monocytes, and human gingival keratinocytes. During inflammation of the oral mucosa, the expression of immunoreactive calprotectin appears upregulated. Given the possible cell sources, we sought to learn if epithelial cells upregulate calprotectin in response to proinflammmatory agents. First, human gingival keratinocytes were maintained in primary culture until senescence. At each passage, cells were harvested and analyzed for quantitative expression of MRP8 and MRP14 subunit mRNA by RNase protection assays and calprotectin complex by enzyme-linked immunosorbent assay. Calprotectin expression was constitutive in the primary gingival keratinocytes, but calprotectin-specific mRNA and protein tended to increase as the cells neared senescence. To test whether calprotectin expression was inducible, immortalized gingival keratinocyte cultures were treated for 2 to 4 h with lipopolysaccharide (LPS) or interleukin-1␤ (IL-1␤). As a positive control for inducible expression, immortalized keratinocytes were incubated with phorbol myristate acetate (PMA) (50 ng/ml) for 24 h. Incubation with PMA stimulated increased expression of MRP8 and MRP14 mRNA within 2 h, peaking within 5 h. MRP8-and MRP14-specific mRNA expression by immortalized keratinocytes appeared to be unaffected by LPS or IL-1␤. In contrast, LPS, IL-1␤, and PMA each upregulated IL-8. These data show that calprotectin mRNA is expressed constitutively in cultured keratinocytes, while expression by immortalized cells appears to be independent of the exogenous proinflammatory agents LPS and IL-1␤.
Calprotectin appears to be constitutively expressed by squamous mucosal epithelia but is expressed by normal epidermis only in certain inflammatory skin diseases. During inflammation of the skin and mucosa, keratinocytes can actively contribute to immunological events that occur by expressing class II major histocompatibility complex (MHC) molecules (2) , cell adhesion molecules (4, 14) , and various cytokines (22, 40) . Concomitantly, calprotectin is induced in skin and may be upregulated in mucosal epithelium as detected immunohistochemically. A major constituent in the cytoplasm of granulocytes and monocytes, calprotectin constitutes up to 45 to 60% of the total cytosolic protein in neutrophils (9, 13) but is absent in resident tissue macrophages. The biological functions of the calprotectin complex are poorly defined.
Calprotectin is a heterodimer of two noncovalently associated polypeptides, MRP8 and MRP14 (10.8 and 14 kDa, respectively). The calprotectin heterodimer is anionic and calcium binding. MRP8-MRP14 (31) synonyms include cystic fibrosis antigen (8) , L1 antigen (1, 7), calgranulin A and B (42) , and S100A8 and S100A9 (36, 43) . MRP8 and MRP14 belong to the S100 protein family, whose members are involved in cell cycle progression, cell differentiation, and cytoskeletal membrane interactions with the plasma membrane (20) . MRP14 phosphorylates in both monocytes and neutrophils (9) . The phosphorylated amino acid (Thr-113) is within a domain with a sequence identical to neutrophil immobilizing factor (41; P. Freemont, N. Hogg, and J. Edgeworth, Letter, Nature 339:516, 1989), suggesting that calprotectin may be important in localization and adherence of myeloid cells during inflammation.
Calprotectin complex, but not its subunits, has been shown to inhibit the activity of casein kinases I and II and protein kinasemediated stimulation of RNA polymerase (25, 27) , suggesting a role for the complex in gene regulation and cell differentiation.
Calprotectin also shows antimicrobial activity in vitro against the periodontopathic bacterium Capnocytophaga sputigena, as well as Candida strains, Escherichia coli, Staphylococcus aureus, and S. epidermidis (24, 28, 38, 39) . Suprabasal oral gingiva shows constant expression of calprotectin detected by 27E10, a monoclonal antibody that detects the complex form of calprotectin (5, 37) . In periodontitis, gingivitis, and other oral mucosal inflammatory diseases, the expression of immunoreactive calprotectin increases in the gingival epithelium (11, 37) . With periodontitis, calprotectin in the gingival transudate (crevicular fluid) increases in concentration directly with the severity of the lesions (18) . Yet the cellular source(s) of immunoreactive calprotectin in the gingiva during periodontitis and other mucosal inflammatory states is unclear. Increased tissue calprotectin may be produced by neutrophils during infiltration and transmigration through the mucosal epithelium. Similarly, gingival keratinocytes may increase expression in response to proinflammatory molecules. In this study, we tested the influence of the proinflammatory agents lipopolysaccharide (LPS) and interleukin-1␤ (IL-1␤) on the expression of MRP8 and MRP14 mRNA in human gingival keratinocytes.
MATERIALS AND METHODS
Cell culture and RNA isolation. Using an informed consent protocol that was reviewed and approved by the Human Subjects Institutional Review Board of the University of Minnesota, healthy human gingiva was excised from sites overlying impacted third molar teeth. Gingival keratinocytes were isolated and cultured by the method of Oda and Watson (30) and passaged in KGM (Clonetics; BioWhittaker, Inc., Walkersville, Md.). The cells were propagated through successive passages to senescence. Cells were plated at 5,000 cells/cm 2 in T75 flasks and grown until the epithelial layer reached approximately 70% confluency. Cells were then harvested by trypsinization and seeded equally into two new T75 flasks. One flask was used for analysis of calprotectin mRNA and protein antigen expression, while the other flask was used for further propagation of the cell line.
Immortalized human gingival keratinocytes (a gift from R. Lamont and D. Oda, University of Washington) were passaged in Keratinocyte SFM (Gibco-BRL, Grand Island, N.Y.) containing 50 U of penicillin and 50 g of streptomycin per ml. Immortalized keratinocytes were stimulated by incubation with lipopolysaccharide from E. coli O55:B5 (Sigma, St. Louis, Mo.), phorbol 12-myristate 13-acetate (PMA; Sigma) or recombinant human IL-1␤ (R&D Systems, Inc., St. Paul, Minn.). Total RNA was extracted from keratinocytes using TRIzol (Gibco-BRL).
Immunohistochemistry. Human gingival keratinocytes and immortalized human gingival keratinocytes were grown overnight on coverslips, and then cells were washed once with Dulbecco phosphate-buffered saline and fixed with 4% paraformaldehyde for 10 min. The cells were then washed, permeabilized with 0.5% Triton X-100 for 2 min, washed again, and subsequently incubated with 27E10 monoclonal antibody or biotinylated 27E10 (Bachem Bioscience, King of Prussia, Pa.) which was diluted 1:50 in 3% bovine serum albumin in PBS. Cells were incubated overnight with antibody at 4°C, washed, and then incubated for 2 h with either goat anti-mouse Cy3 (Jackson Laboratories, Inc., West Grove, Pa.) or Alexa350-conjugated streptavidin (diluted 1:200; Molecular Probes, Eugene, Oreg.). Cells were mounted with Fluoromount G (Southern Biotechnology, Birmingham, Ala.), examined with a Nikon Eclipse epifluorescence microscope, and photographed using a Spot Camera and software (Diagnostic Instruments, Inc., Sterling Heights, Mich.).
Cytosol extraction and ELISA. Cytosol was released from keratinocytes using digitonin according to the method of Bakouche et al. (3) . In brief, keratinocytes were suspended in 500 l of sucrose-KCl medium (125 mM sucrose, 60 mM KCl, 3 mM K-HEPES; pH 7.1) containing 0.02% digitonin (Sigma), incubated on ice for 5 min, and pelleted by centrifugation at 200 ϫ g for 5 min. The cytosolcontaining supernatant was assayed for protein concentration by the BCA Assay (Pierce, Rockford, Ill.). MRP8, MRP14, and MRP8-MRP14 were analyzed in triplicate using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Bachem Bioscience) which detects MRP antigens by a sandwich ELISA.
Labeled RNA probe preparation. Templates for RNA probe synthesis were generated by PCR from cDNA fragments of MRP8, MRP14, IL-8, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cloned into pCR-Script Vector (Stratagene, La Jolla, Calif.). The radiolabeled probes were synthesized under the following reaction conditions: 500 M concentrations each of rCTP, rGTP, and rATP, and 1 M rUTP; 3 M [␣- To lower the specific activity of the internal control GAPDH, 150 M rUTP was added. The reaction mixture was incubated for 1 h at 40°C and then inactivated at 95°C for 2 min. After the mixture cooled to 37°C, 0.5 l of RNase-free DNase (Promega) was added for an additional 15 min to digest the DNA template. The reaction mixture was diluted with an equal volume of gel loading buffer (Ambion, Austin, Tex.). Singlestranded RNA was then purified by gel electrophoresis in a 5% acrylamide-8 M urea gel. After exposure to autoradiographic film the full-length transcript was excised from the gel and eluted overnight in elution buffer (Ambion). Before gel electrophoresis and after elution of the labeled probe from the gel, 1-l aliquots were sampled for scintillation counting, and the specific activity of the probe and yield of the reaction were determined. RNase protection assay. RNase protection assays were performed using the RPA II Kit (Ambion) according to the manufacturer's protocol. Briefly, each reaction contained 8 g of total RNA, 8 ϫ 10 4 cpm of the 32 P-labeled probe (gene of interest), and 2.5 ϫ 10 4 cpm of the housekeeping gene probe (GAPDH). Control reactions were performed simultaneously using 8 g of yeast tRNA. After hybridization for 18 h at 42°C, single-stranded RNA was digested for 30 min at 37°C by using a mixture of RNase A and T 1 . Reaction products were separated on a 5% acrylamide-8 M urea gel and exposed to a storage phosphor screen (Molecular Dynamics, Sunnyvale, Calif.). The screen was scanned using a Storm 840 imager (Molecular Dynamics) in storage phosphor mode. Signal intensity was quantified using ImageQuant software.
RESULTS

Immunohistochemistry.
Human gingival keratinocytes and immortalized human gingival keratinocytes were grown overnight on coverslips. In both types of keratinocytes, calprotectin was detected with monoclonal antibody to 27E10, which specifically recognizes the complex of MRP8-MRP14 (5). Reactivity to the 27E10 epitope was seen in the cytoplasm with the strongest immunofluoresence detected in a perinuclear distribution (Fig. 1) . A similar distribution of the 27E10 epitope was Calprotectin protein antigen and mRNA expression by cultured gingival keratinocytes. Healthy gingival keratinocytes were isolated from four individuals. Cells were cultured for successive passages through senescence. Cells survived an average of 9 passages (range, 6 to 16) before death. Keratinocytes harvested at each passage were analyzed for cytoplasmic MRP8 and MRP14 subunit antigens and MRP8-MRP14 complex by sandwich ELISA. The calprotectin complex was expressed at each passage and through cell death by each keratinocyte cell line ( Fig. 2A) . At later passages, expression of calprotectin tended to increase. At each passage, MRP8 and MRP14 were expressed below the detection limits of the ELISA. At each passage, mRNAs specific for MRP8 and MRP14 was detected by the RNase protection assay. Relative expression of MRP8-and MRP14-specific mRNA appeared to increase in successive passages to about threefold, after which expression appeared to plateau (Fig. 2B and C) .
Expression of MRP8-, MRP14-, and IL-8-specific mRNAs by immortalized keratinocytes. Immortalized keratinocytes expressed MRP8-and MRP14-specific mRNAs under normal culture conditions; IL-8 mRNA was expressed at relatively low levels (Fig. 3) . Cells were incubated with 50 ng of PMA per ml for 24 h. Within 1 h, IL-8 mRNA expression was elevated, peaking with a 15-fold increase at 5 h (Fig. 4) . After 5 h of incubation with PMA, IL-8 mRNA levels declined but remained significantly elevated from the baseline level through 12 to 24 h. IL-8 mRNA expression was then measured in immortalized keratinocytes as a positive control for stimulation of cultured keratinocytes by PMA, LPS, and IL-1␤. The same mRNA sample was then analyzed by quantitative RNase protection assay for the levels of MRP8-and MRP14-specific mRNAs. The expression of MRP8-and MRP14-specific mRNAs increased 3-and 1.5-fold above constitutive levels, respectively, upon treatment with 50 ng of PMA per ml (Fig. 5) . Expression of both mRNAs appeared to maximize at about 8 h. Subsequently, MRP8 mRNA levels declined, while MRP14 mRNA remained elevated through 24 h.
Treatment of the immortalized keratinocytes for 2 h with LPS (10 g/ml) induced a 2.6-fold increase in the expression of IL-8 mRNA above that of the control (Fig. 6A) . Incubation with IL-1␤ (10 ng/ml) for 2 h resulted in a 1.8-fold increase in IL-8 mRNA expression (Fig. 7A ). After treatment with LPS (0.1, 1, and 10 g/ml) or IL-1␤ (0.1, 1, and 10 ng/ml) for either 2 or 4 h, the expression levels of MRP8-and MRP14-specific mRNAs were similar to the constitutive levels obtained from untreated immortalized cultures ( Fig. 6 and 7) .
DISCUSSION
In cultured keratinocytes derived from oral epithelial mucosa, the data show that calprotectin is expressed constitutively. Normal human gingival keratinocytes in culture express mRNAs specific for the calprotectin subunits MRP8 (S100A8) and MRP14 (S100A9). When expressed constitutively, immunoreactive calprotectin localizes primarily in the cytoplasm, with a higher density in the perinuclear region. The calprotectin was recovered from keratinocyte cytoplasm exclusively as heterodimeric complexes of MRP8 and MRP14. Free or unassociated MRP8 and MRP14 proteins were virtually undetectable by ELISA.
During successive passages, MRP8-and MRP14-specific mRNAs appear to increase in association with a cytoplasmic elevation in immunoreactive calprotectin. As the passage number increases, keratinocytes from patients with cystic fibrosis show a higher turnover rate than the normal controls (17) . Detection of immunoreactive MRP14 (cystic fibrosis antigen) increases as keratinocytes from both sources age in culture. Based on pulse-chase experiments, the increase in calprotectin reflects the rate of synthesis, and the rate of degradation and secretion does not change (17) . Consistent with these observations, the abundance of calprotectin-specific mRNAs plateaus, and immunoreactive calprotectin levels continue to increase as gingival keratinocytes approach senescence.
In the gingiva and other squamous epithelia, calprotectin localizes to the spinous and subcorneal layers of the stratum spinosum, but it is not seen in the basal or cornified cell layers (10) . Immature basal cells and mature cornified cells do not express calprotectin. Indeed, the cornified cells may actually release calprotectin without replenishment by the cell. Since monolayer keratinocyte cultures do not cornify, senescence may modulate expression of calprotectin-specific messages. When grown in serum-free media, gingival keratinocytes express keratins that are typically associated with basal cells (29) , yet insufficient information is available to stage the cells in culture to model the maturation of certain epithelial layers. Exposure of epidermal keratinocytes to PMA promotes keratinocyte differentiation (15) . Indeed, terminal differentiation of various epithelial cell lines was linked to the expression of calprotectin (35) . Therefore, calprotectin expression by epidermal and mucosal keratinocytes may be controlled in association with cellular maturation.
During mucosal inflammation, the epithelial turnover rate increases (32) . Higher levels of immunoreactive calprotectin FIG. 5 . Regulation of MRP8 and MRP14 mRNA expression in immortalized keratinocytes. Quantitation of MRP8-specific (A) and MRP14-specific (B) mRNA in immortalized keratinocytes following induction with 50 ng of PMA per ml for 24 h. The signal intensity determined for the MRP8 and MRP14 protected fragments was normalized to the abundance of the internal control GAPDH at each time point. The data shown are the mean Ϯ the standard deviation (n ϭ 3).
FIG. 6. Treatment of immortalized keratinocytes with LPS (0.1, 1, and 10 g/ml) for 2 or 4 h. Immortalized keratinocytes were incubated with various concentrations of LPS (0.1, 1, and 10 g/ml) for 2 h (black bars) or 4 h (crosshatched bars). Expression of mRNA for IL-8-, MRP8-, and MRP14-specific mRNA was determined by RNase protection assay. The signal intensity for the protected fragments was normalized to the abundance of the internal control GAPDH. The data shown are the mean Ϯ the standard deviation (n ϭ 3).
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are seen in affected epithelia and in transudative fluids that bathe these tissues (11, 18, 37) . In addition to keratinocytes, inflamed mucosal epithelia contain several other cell sources of calprotectin. Calprotectin is expressed by transmigrating neutrophils and monocytes, which increase in number with inflammation. Hence, we tested the influence of the proinflammatory agents LPS and IL-1␤ on the expression of MRP8 and MRP14 mRNA in human gingival keratinocytes.
To test for the regulation of calprotectin expression by LPS and IL-1␤, immortalized gingival epithelial cells were used as surrogates for normal cells in culture. Culture of normal gingival keratinocytes is labor-intensive, with low yields and donor-dependent heterogeneity. The immortalized gingival epithelial cells used in this study were developed from human gingival keratinocytes that had been transformed with human papillomavirus type 16 E6/E7 open reading frames (16) . These cells express E-and P-cadherins and show contact-dependent growth inhibition (16) . Like normal cells, immortalized keratinocytes were shown to express MRP8 and MRP14 mRNA and immunoreactive calprotectin complex, albeit at lower levels (data not shown). Similarly, normal and immortalized cells constitutively expressed IL-8. Collectively, these data showed that the immortalized keratinocytes were suitable surrogates for normal human gingival keratinocytes.
In immortalized gingival keratinocytes, the expression of MRP8-, MRP14-, and IL-8-specific mRNAs increased in the presence of PMA, a result consistent with the activation of protein kinase C. Expression appears to be tightly regulated since the level of calprotectin upregulation by PMA was significant but modest compared to IL-8. In contrast, incubation with LPS and IL-1␤ only increased the expression of IL-8. Cells were also incubated with 1 g of LPS per ml over a 24-h period to learn if an increase might require longer exposure. No change in the expression of MRP8 or MRP14 was observed (data not shown). These data suggest that LPS and IL-1␤ do not exclusively regulate calprotectin expression. The presence of LPS and IL-1␤ in inflamed mucosal epithelia may be insufficient to explain the apparent increase in the expression of calprotectin in keratinocytes and the interstitial tissues.
Release of calprotectin into the interstitial tissues from keratinocytes is likely to involve a Golgi-independent process. Calprotectin lacks a signal peptide, membrane anchor, or Nlinked glycosylation sequence, suggesting that the protein complex is neither targeted or packaged for export nor routed to the exterior as an integral membrane protein or glycoprotein to be proteolytically cleaved and released into the external environment. In monocytes, calprotectin is released after activation of protein kinase C by a tubulin-dependent mechanism that is Golgi independent (33) . In neutrophils, calprotectin is released in complex with arachidonic acid (17, 19) . Similar mechanisms could stimulate release from epithelial cells, since PMA, which activates protein kinase C, upregulated the expression of calprotectin in immortalized gingival keratinocytes.
Healthy human gingiva expresses calprotectin strictly in the suprabasal cells, as suggested by histopathological studies (10, 11, 37) . If released by keratinocytes, immunoreactive calprotectin in the tissues would be expected to increase in proximity to the suprabasal layer of cells in the stratum spinosum. As inflammation increases, calprotectin does appear to be expressed by cells throughout the stratum spinosum, within and proximal to the keratinocytes. While IL-1␤ and LPS would explain the upregulation of IL-8 by epithelial cells in inflamed tissues, these signals and mediators appear insufficient to explain the upregulation of calprotectin.
Calprotectin expression in squamous mucosal epithelium differs from that in skin and intestinal epithelia. Normal skin and intestinal epithelia do not express calprotectin. During inflammation, calprotectin expression is upregulated in the epidermis and intestinal epithelia (21, 23) . In inflammatory dermatoses of the skin, calprotectin expression requires de novo mRNA transcription. For example, MRP8 and MRP14 are expressed and protein kinase C is activated in psoriatic epithelial cells (34) . In the inflammatory skin diseases lichen planus, lupus erthematosus, and psoriasis vulgaris, 27E10 epitope expression increases, but independently of the MHC class II molecules and the adhesion molecule, ICAM-1 (22) . The MHC class II molecules and ICAM-1 are upregulated during epidermal inflammation but apparently in association with keratinocyte turnover. In contrast to gingival keratinocytes, cultured epidermis upregulates calprotectin in the absence of proinflammatory agents and without concomitant upregulation of MHC class II (6) . Calprotectin expression is FIG. 7 . Treatment of immortalized keratinocytes with IL-1␤ (0.1, 1, and 10 ng/ml) for 2 or 4 h. Immortalized keratinocytes were incubated with various concentrations of IL-1␤ (0.1, 1, and 10 ng/ml) for 2 h (black bars) or 4 h (crosshatched bars). Expression of mRNA for IL-8-, MRP8-, and MRP14-specific mRNA was determined by RNase protection assay. The signal intensity for the protected fragments was normalized to the abundance of the internal control GAPDH. The data shown are the mean Ϯ the standard deviation (n ϭ 3).
apparently tissue specific and appears to be regulated by a different mechanism than MHC class II molecules and ICAM-1.
Keratinocyte production of calprotectin may contribute to the antimicrobial barrier function and the innate immunity of mucosal epithelia. For example, calprotectin protein and mRNA are found in the upper and middle spinous cell layers in oral pseudomembranous candidiasis (12) . Fungal hyphae penetrate the parakeratin layer but appear not to extend beyond the boundary of calprotectin expressed in the spinous layer. Epithelial cells transfected to express calprotectin become significantly resistant to invasion by key mucosal pathogens, including Listeria monocytogenes and salmonellae (K. Nisapakultorn, K. F. Ross, and M. C. Herzberg, unpublished results). In contrast, calprotectin-free superficial mucosal epithelial cells appear to harbor potentially pathogenic oral bacteria (34a). Therefore, constitutive expression of calprotectin may explain in part the relative resistance of the oral mucosa to infection and invasion by commensals, oral pathogens, and enteric pathogens in transit.
